We consider the reflection of non-polarized radiation from the point-like sources above the accretion discs both the optically thick and optically thin. We investigate the dependence of the polarization of reflected radiation on the aperture angle of incident radiation. The aperture angle is determined by the radius of accretion disc and the height of the source above the disc. For optically thick accretion discs we show that, if the aperture angle is smaller 70 grad, then the wave electric field oscillations of reflected radiation are parallel to the accretion disc plane. For aperture angle greater than 70 grad the electric field oscillations are parallel to the plane "normal to accretion disc -the line of sight". The latter also holds for reflection from the optically thin accretion disc independent of the aperture angle value.
2 Statement of problem Chandrasekhar (1960) derived the radiative transfer equation for the intensity I(τ, µ) and the Stokes parameter Q(τ, µ) for an atmosphere consisting of free electrons. This equation, which we use in our calculations, has the matrix phase functionP (µ, µ ′ ). Here µ = nN = cos θ, µ ′ = n ′ N = cos θ ′ , where the angles θ and θ ′ characterize the line of sight n and the direction of incident radiation n ′ , respectively (see Fig.1 ). The factorization of the matrix phase functionP (µ, µ ′ ), i.e. the presentation of this matrix as a product of two matricesP (µ, µ ′ ) =Â(µ)Â T (µ ′ ), plays very important role in radiative transfer theory. The subscript T stands for the matrix transpose. We use the factorization presented in many papers (see, for example, Ivanov 1995; Silant'ev et al. 2017 ). Note that we restrict ourselves by conservative axially symmetric atmosphere. 
where α is the extinction factor. We use the cylindrical frame of reference r = (z, ρ, ϕ). The source term describes the single scattered incident radiation from the point-like source located above the accretion disc. Recall, that we consider single or more scattered light, i.e. the diffused radiation (see Chandrasekhar 1960) . For point-like source of non-polarized light with the aperture of incident photon θ ′ (µ ′ = cos θ ′ = (z + H)/ (z + H) 2 + ρ 2 ) we have:
L 0 (µ ′ ) is the luminosity of the source. In general case the luminosity can be anisotropic. The value H is the height of the source above the surface of accretion disc. The axis Z is directed inside the accretion disc. The value z = 0 corresponds to the surface of accretion disc.
In our case the source has the spot-like form. Far from this "spot" the intensity I and parameter Q tend to zero. A telescope is located far from the accretion disc and observes the integral radiation.
The accretion disc, as a whole, looks like point source of radiation. The integration over all surface (2πρdρ) gives rise to usual radiative transfer equation for these integrated values (we use the same notions for them).
Introducing the optical depth dτ = αdz, we obtain the equation:
Eq. (3) is appears as the usual radiative transfer equation in plane parallel atmosphere (Sobolev 1963 ). The vector K(τ ) has the form:
The factorization matrixÂ(µ) ( see Ivanov 1995; Silant'ev et al. 2017) is equal to:
Here C = 1/8 = 0.125.
we obtain the following formula forŝ(τ ):
The value Θ is the total aperture of incident radiation, depending on the radius ρ 0 of accretion disc and the height H of the point-like source: cos Θ = H/ H 2 + ρ 2 0 . If the radius of the accretion disc tends to infinity, then Θ → 90
• . This case is considered in the papers Grinin & Domke (1971) and Silant'ev & Gnedin (2008) . In this case the sourceŝ(τ ) is independent of H. For accretion discs in X-ray stellar binary systems the radius ρ 0 is the distance between the components. Note that reverberation technique, used by Fabian, Zoghbi, Ross et al. • . Recall, that in this case the reflected radiation is independent of the height H and the polarization corresponds to E-oscillations in the plane (nN).
In principle, the total aperture can be determined as the angle inside of which all the radiation falls on the disc.
3
The solution by resolvent technique
The radiative transfer equation (3) can be written in more compact form:
Using the formal solution of Eq. (7), we can derive the integral equation for S(τ ):
where the matrix kernelL(|τ − τ ′ |) has the form:
The general theory for calculation of the vector S(τ ) is given in Silant'ev et al. (2015) . According to this theory, Eq.(9) has solution through the resolvent matrixR(τ, τ ′ ) (see Smirnov (1964) , Sobolev (1969) ):
where the resolvent matrix obeys the integral equation:
This gives rise to the relationR(τ, τ ′ ) =R T (τ ′ , τ ). Note (see Silant'ev et al. (2015)), that the double Laplace transform ofR(τ, τ ′ ) has the form:
The Laplace transform of R(τ, 0) with the parameter 1/µ plus the unit matrixÊ is known asĤ(µ) -
From Eqs. (14) and (15) we obtain the following nonlinear equation:
4 The emerging radiation from optically thick accretion discs
According to Eq.(7) the emerging radiation I(0, µ) has the form:
Recall, that µ = cos θ, where θ is the angle between the line of sight n and the normal N to the accretion disc, i.e. this is the inclination angle. We emphasize that I(0, µ) depends on the aperture Θ of incident radiation. For numerical calculations it is better introduce the new matrixD(µ) =Â(µ)Ĥ(µ), which obeys the
The kernel of this equation does not depend on µ ′4 , i.e. Eq. (18) is simpler than Eq. (16) . The technique of numerical calculation ofD(µ) is given in Silant'ev et al. (2017) . Expression (17) in new matrix takes the form:
It is of interest, that directly from Eq. (18) Table 1 . A telescope observes the direct radiation flux from the source F direct = L 0 (µ)/R 2 , where R is the distance to the telescope. The flux of scattered radiation is equal to F dif f (µ) = µI(0, µ)/R 2 . Note that there exists the relation:
Substitution relation (20) in Eq. (19) gives rise to the formula for F dif f (µ):
According to Eq.(18) for isotropic source (L 0 (µ) = L 0 ) and the aperture Θ = 90
• formula (21) takes the simple form:
Below we restrict ourselves by the isotropic source and different values of aperture Θ. We present the total fluxes
For this reason F I (0) = 1 and F Q (0) = 0, because at µ = 0 the flux F consists of the non-polarized direct radiation from the source.
According to Eq.(22), the total F I (µ) and F Q (µ) can be given in the form:
In Table 2 we give the angular dependence J(µ) = F I (µ) and the polarization degree p(µ) = F Q (µ)/F I (µ) in % for aperture Θ = 90
• . Note that p(µ) for Θ = 90
• is positive. This corresponds to the wave electric field oscillations parallel to the plane (nN) (see Table 2 ). For comparison we give the angular dependence J M (µ) and polarization degree p M (µ) for the Milne problem:
where s = −0.10628 is the solution of homogeneous equation for K(0) (see Silant'ev et al. 2017) Table 2 : Functions JM (µ), −pM (µ)% for Θ = 90
• . Recall, that the Milne problem describes the diffusion of thermal radiation from the sources located far below the surface of the optically thick accretion disc. In the Milne problem the polarization p(µ) is negative. This corresponds to the wave electric field oscillations parallel to the accretion disc plane. Note that the reflected radiation has the maximum polarization value p = 5.945% at θ = 75.5
• (see Table  2 ). This value is greater than corresponding absolute value in the Milne problem (4.667%). For θ = 0 and θ = 90
• the polarization of reflected radiation desappears. The observed radiation intensity is the sum of reflected intensity F Q (µ) and the Milne problem intensity F M (µ), escaping from the surface of the accretion disc. The observed polarization p obs (µ) can be both positive and negative depending on the relative values of intensities F Q (µ) and the Milne problem intensity F M (µ). Tables 1 and 2 can be used for estimations of observed intensity and polarization for different relative values of F Q (µ) and F M (µ) . So, these Tables allow us to estimate the intensities and polarization in different models. Figure 2 presents the angular distribution of the emerging radiation J(µ) and the degree of polarization p(µ) in % for a number of values of aperture Θ. We see that for Θ < 70
• the E -oscillations are parallel to the accretion disc plane. The values Θ > 70
• correspond to oscillations parallel to the plane (nN), which frequently occur in Seyfert-1 AGNs. Further we will explain this behavior. 
5
The emerging radiation from optically thin accretion disc
The optically thin accretion disc is characterized by small optical depth αz = τ ≪ 1. In this situation we can neglect by multiple scattering of light. Instead of Eq. (17) for reflected radiation wave the expression:
Here we used the expression (6) for s(τ ). After integration over dτ we obtain the relation:
The expression (26) takes into account the single scattered radiation. The flux of radiation in a telescope is equal to:
where R is a distance to telescope. In Figs. 3 and 4 we give the angular distribution J(µ) and polarization degree p(µ) for accretion optical depths τ = 0.1 and 0, 3 . Recall, that the scattered radiation intensity is proportional to optical depth τ and the value of aperture Θ. In this situation the intensity of direct radiation from the source is greater than the intensity of reflected radiation. The degree of polarization p(µ) in % is more distinct. Note that all the forms of all Figures are similar. The difference exists with the scales. It appears this is the consequence that they describe the single scattering in accretion discs. 
Discussion of the calculation results
We investigated the reflection of non-polarized radiation from point-like sources above the reflecting accretion disc. The optically thick and optically thin accretion discs were considered. We found two types of polarization in reflected radiation. The first type corresponds to the wave electric field Eoscillations parallel to the plane of accretion disc. The second type corresponds to E-oscillations parallel to the plane (nN), which is perpendicular to the accretion disc plane. Recall, that n is the line of sight direction, and the unit vector N is perpendicular to the accretion disc.
Why arise these types of polarization? Note that the first type corresponds to Chandrasekhar's solution of the Milne problem. This type is named as the usual (positive) polarization. This polarization holds in many cases. The second type of polarization occurs rarely and was named as "negative" polarization. Of course, there are promediate directions of the wave electric field oscillations between the positive and negative polarizations. They are characterized by concrete positional angles.
Recall, that E-oscillations of single scattered non-polarized radiation are perpendicular to the plane of scattering (nn 0 ), where n 0 is the direction of incident radiation. If n ⊥ n 0 , then the scattered radiation is 100% polarized. The degree of polarization p(µ 0 ) ∼ sin 2 µ 0 , where µ 0 is the cosine of the angle between vectors n and n 0 .
The case of optically thin accretion disc is most simple. Let us consider two characteristic regions of scattering. In the first region the plane of scattering coincides with the plane (nN). Here the scattered radiation has polarization ∼ sin θ and the E-oscillations are parallel to the plane of accretion disc. In the second region the plane of scattering is perpendicular to plane (nN). Here the angle of scattering radiation is 90
• , i.e. the scattered radiation is 100% polarized and the E-oscillations hold in the plane (nN). As a result, for all Θ the total scattered radiation has the polarization parallel to the plane (nN) ("negative" polarization). In Figs.3 and 4 we give the result of calculations according to Eqs. (26) and (27) . Note that the mentioned effects are weaker for small inclination angles Θ.
In the first case the non-polarized radiation from the point-like source illuminates the optically thick accretion disc. Here the situation is more complex. The calculations demonstrate that for Θ < 70
• the reflected radiation has polarization with E-oscillations parallel to the accretion plane, i.e. is similar to the case of the Milne problem. That is because for these Θ the incident radiation penetrates deeper inside the optically thick accretion disc than for radiation with the angles Θ > 70
• . With the increase of Θ the most radiation does not penetrates in deep layers of accretion disc. The scattering of radiation became similar to single scattering case. As a result, the total emerging radiation has the polarization similar to the second type, considered above.
Note that the total radiation with the wavelength λ can also have other sources, not only from a jet ( see, for example, Krivosheyev et al. 2009 ).
Conclusion
In this paper we study the reflection of non-polarized radiation from the point-like sources located above the reflecting accretion disc. The optically thick and optically thin accretion discs are considered. We also take into account the intensity of radiation going to a telescope directly from a source. For apertures Θ < 70
• the polarization of total radiation, reflected from optically thick disc, corresponds to wave electric field oscillations parallel to the plane of accretion disc. For apertures Θ > 70
• the polarization corresponds to oscillations parallel to the plane (nN), where N is the normal to the disc and n is the line of sight. Such polarization is frequently observed in active galactic nuclei of Seyfert-1 galaxies. For optically thin accretion discs the reflected radiation has the polarization corresponding to the E-oscillations parallel to the plane (nN) independently of the aperture. We considered the accretion discs consisting of free electrons..
